The influence of two kinds of mesoscale inorganic rod fillers, nanoscale attapulgite and micron-sized CaSO 4 whisker, on the reaction-induced phase separation of epoxy/aromatic amine/poly-(ether sulfone) (PES) blends has been investigated by optical microscopy (OM), scanning electron microscopy (SEM), and time resolved light scattering (TRLS). By varying the PES concentration and curing temperature, we found that the incorporation of attapulgite and CaSO 4 had dramatic impact on the phase separation process and the final phase morphology of blends. In blends at higher content than critical concentration, the process of phase separation was retarded by the incorporation of nanoscale fillers but accelerated by that of the micron-sized fillers, mainly due to the enhanced viscoelastic effect and the preferential wettable effect, respectively. Meanwhile both mesoscale fillers could change the cocontinuous phase structure of blends with lower PES content than critical concentration into PES-rich dispersed structure due to the surface affinity of fillers to epoxy matrix.
Introduction
It has been generally accepted that phase separation plays a significant role in determining the morphology and properties of polymer mixtures. The reaction-induced phase separation in thermosets/thermoplastic blend is a very important physical/chemical process, which has aroused wide interest for many years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
Recently, it has been found that the incorporation of inorganic filler has dramatic impact on the phase separation behavior and the final phase structure of binary polymer mixture and thermosets/thermoplastic blends [13] [14] [15] [16] [17] [18] , especially when the fillers are preferentially wettable to one component.
For the ternary mixtures of polymer blends containing glass particles in micron size, Tanaka et al. [19] proved that both the coarsening dynamics and the final morphology were significantly affected by the mobility of glass particles and their selective inclusion of the more wettable phase.
By simulation, Balazs and coworkers pointed out that the addition of hard particles greatly changed both the speed and morphology of phase separation, and the phase separation is arrested in the late stage [20] [21] [22] . For the blends with mobile nanoscale rods, their simulation results show that the rods could self-assemble into needle-like and percolating network, and increasing the rod concentration beyond the effective percolation threshold could drive the system to self-assemble in a Lamellar morphology [23, 24] . By a new simulation methodology, Side et al. indicated that the phase pattern of PS-P2VP diblock nanocomposite containing (PSs) functionalized Au particles changes as the nanoparticles density increases, which agreed well with experimental results [25] .
For the polymerization-induced phase separation in nanoparticle-monomer-polymer blends, Soulé et al. [26] indicated that a small increase in particle size had an influential effect on extending the immiscibility region of the phase diagram by using the model proposed by Ginzburg [27] .
In epoxy/rubber blends containing clay, Balakrishnan et al. [16] found that the clay concentration plays an important role in the clay platelet separation and the dispersion of clay aggregates in the epoxy matrix, while the clay platelets were preferentially absorbed into the rubber particles. For the blends of epoxy modified with thermoplastics, Peng et al. [17] had investigated the influence of nanoscale layered silicates on the reaction-induced phase separation behavior, which indicated that the incorporation of silicates had dramatic impact on the phase separation process and the final phase morphology, though the SD mechanism was entirely followed. While in thermoplastic modified thermoset blends with dynamic asymmetry, the chain mobility difference of the two parts makes the viscoelastic effect play a crucial role in phase separation process [28] . The addition of nanoscale fillers further enhanced this viscoelastic effect from the chain entanglement of slow dynamic part with the filler surface, which significantly hindered the phase structure evolution process and thus results in a refined phase structure with much smaller characteristic length scales [29, 30] .
However, it remained unclear that the effect of mesoscale fillers and their size on the phase separation process of systems with moderate curing rate and even secondary phase separation, though we found previously that the incorporation of nanoscale rods changed the final phase morphology due to the nanoscale fillers pinning down the phase separation by distributing along the interfaces between the epoxy-rich and PES-rich phases [31] .
This article aimed to investigate the reaction-induced phase separation in Epoxy/PES blends containing different size of mesoscale inorganic rod fillers, ATT (nanoscale), and CaSO 4 (microscale) rod, in particular, to examine the influence of incorporation of inorganic rod on the whole phase separation process, which would hopefully give us better understanding of the mechanism of reaction-induced phase separation. A certain amount of ATT or CaSO 4 rod was first dispersed in acetone under ultrasonication, the epoxy was then added to the suspension, and it was ultrasonicated again. Acetone was vaporized in a circulation oven at room temperature until most of the solvent was removed. After the samples were placed into vacuum oven at 100 ∘ C for 4 hrs, PES was added into the mixture of epoxy and inorganic rods and stirred fiercely at 150 ∘ C in an oil bath. When the mixture was then cooled to 100 ∘ C, stoichiometric amount of DIM-DDM (32 phr to epoxy oligomer) was added, and the mixture was stirred before cooling rapidly to room temperature to avoid further curing. A series of blends were prepared as shown in Table 1 , in which the amount of ATT and CaSO 4 rod in two hybrid mixtures is the same of 4 wt%, and the content of PES is its weight percent in the resin matrix (without fillers). For example, PES-14.3-A means PES content is 14.3% of PES/epoxy/DIM-DDM and ATT is 4% of total amount of composition.
Experimental

Materials and Samples
Measurements. A PerkinElmer Pyris 1 DSC instrument
was used for the study of the curing reaction. The isothermal curing conversion was calculated from residual exotherms observed in scans in the temperature range of 50-350 ∘ C, with heating rates of 10 ∘ C/min and normalized by the total exotherms for uncured samples. A Tescan TS5163MM scanning electron microscope was employed to examine the morphologies of the fractured surfaces (the samples were first cured at specific temperature for 5 hours, then postcured at 150 ∘ C for 5 hours, then fractured in liquid nitrogen, and coated with gold). The phase separation process during isothermal curing was traced in situ on a self-made TRLS apparatus with a controllable hot chamber. The change in the light scattering profiles was recorded at appropriate time intervals. The samples for TRLS observation were sandwiched between two glass cover slides and pressed into thin film. In the light scattering experiment, information on the phase morphology evolution could be obtained from the systematic change in the curves of the scattering factor versus the scattering light intensity as a function of the time of phase separation, and the most probable phase domain size was = 2 / , where is the peak scattering vector. The evolving morphologies of the samples were observed in situ with an XDS-1B optical microscope with a hot chamber (Chongqing Optical and Electrical Instrument Co., Ltd., China). 
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Results and Discussions
Effect of Mesoscale Fillers on the Phase Diagram.
It is well known that the mixture of epoxy precursor and PES exhibits a lower critical solution temperature (LCST) phase behavior [32] , including the following: the hardener changes the polarity of the mixture and thus makes the phase decomposition follow a reaction-induced phase separation process, in which the homogenous mixture separates into two phases after the cloud point (with specific curing conversion). Figure 1 shows the phase diagram of PES/epoxy/DIM-DDM blends without and with mesoscale fillers cured at 120 ∘ C. As the epoxy and PES have lower solubility with the increase in temperature, the mixtures begin to phase separate at lower curing conversion when the curing temperature is increased. For the blends cured at 140 ∘ C (not shown here), the curing conversions at the initial phase separation are all below 6% of curing conversion at the PES concentration range of 8 wt% to 18 wt%. As the curing conversions are too low to be accurately differentiated of systems with and without fillers at the cloud points, the phase diagram at 140 ∘ C was not shown here. In Figure 1 , it can be found that the critical concentration of the PES/epoxy/DIM-DDM is located near 13% of PES. The addition of mesoscale fillers changes the phase diagram to some extent. The nanoscale ATT advances the curing conversion of systems a little earlier, while the general shape of the phase diagram keeps similar to that of systems without fillers. This conversion change of phase diagram could be resulted from the nucleation effect of nanoscale fillers, which makes the phase separation be observed a little earlier when the dimension of concentration fluctuation is comparable to the size of fillers.
However, the introduction of micron-sized CaSO 4 fillers shifts the critical concentration of PES to about 15% in the resin matrix. As the CaSO 4 fillers show better affinity to the epoxy phase, this kind of dilute effect of PES could come from the prior distribution of fillers in epoxy phase [19] .
To study the effect of fillers on the phase separation, we therefore choose two compositions of 14.3 wt and 11.4 wt% PES in the resin matrix, which are located at both sides of critical concentration. The selection of blends with near critical composition guarantees the phase separation following spinodal decomposition (SD) mechanism, and thus the whole process could be well characterized by TRLS.
Double Phase Separation in PES Modified Epoxy without
Fillers. The process of morphology evolution in unfilled blends with 14.3 wt% and 11.4 wt% of PES follows the SD mechanism due to the nearly critical concentration. Figure 2 shows both the phase separation process and final morphology of PES-14.3 and PES-11.4 blends.
The morphology evolution of unfilled blend shows the feature of typical viscoelastic phase separation proposed by Tanaka [33] . After incubation time, the epoxy-rich (fast dynamic phase-rich) particles start to appear ((a2) and (e2)) and their size increases with time. Then the PES-rich (slow dynamic phase-rich matrix) particles become network-like with the growth epoxy-rich particles, and the thin parts of the network-like structure are elongated and broken, and finally the epoxy-rich dispersed sea-island phase structure was frozen by gelation or vitrification in the PES-14.3 blend ((a3) and (b)). For the PES-11.4 blend, the cocontinuous phase structure could be observed in the late stage of the phase separation ((e3) and (f)). It is noticeable that the secondary phase separation took place in both primary epoxy-and PESrich matrix (namely, in fast-and slow-dynamic-rich phase, (a3), (b), (e3), and (f)).
SEM micrographs show the usual phase-in-phase morphology in the PES-14.3 and PES-11.4 blends. The secondary phase separation took place in both primary epoxy-rich and PES-rich phases in these two blends cured at 120 and 140 ∘ C. It indicates that the secondary PES-rich particles disperse in the primary epoxy-rich matrix ((c2) and (g2)) and the secondary epoxy-rich particles disperse in the primary silk-like PESrich domain ((c3) and (g3)). This structure is commonly similar to that described previously [34] .
For the PES-11.4 blend, it is could be observed that the co-continuous phase morphology due to the higher concentration of epoxy resin and the lower viscosity (viz., weaker elastic strength of PES-rich domain). In the blend with higher PES concentration (PES-14.3 blend), after the epoxy-rich particles taking place, the increase in size of these particle was restrained by the stronger strength of PES-rich domain. In the above mentioned two blends, the secondary phase separation takes place as a result of the quench going deeper along with the epoxy resin reaction proceeding [1] .
Competition of Enhanced Viscoelastic Effect and Surface Wetting Effect of Mesoscale Fillers on the Phase Separation at
Higher PES Content Than Critical Concentration. The phase separation evolution process and final morphology of the two mesoscale fillers added PES-14.3 blends are shown in Figure 3 . The ATT added systems show similar phase separation behavior as unfilled systems, in which the epoxy-rich phase shows as island structure dispersed in the PES-rich matrix ((a1), (a2), (a3), and (b)). The SEM micrographs ((c), (d1), (d2) is shown and (d3)) show a much refined phase structure of PES-14.3-A system compared with that of PES-14.3 (Figures 2(c1) , 2(c2), 2(c3) and 2(d)), in which the interface between secondary PES-rich particle and primary epoxy-rich matrix (Figure 3(d2) ), and that between secondary epoxyrich particle and primary membrane-like PES-rich phase (Figure 3(d3) ) is no longer sharp due to the incorporation of the ATT.
The systems with CaSO 4 seem to show similar behavior as PES-14.3 at both 120 and 140 ∘ C in the early-stage of phase separation. OM micrographs following morphology evolution shows a micro co-continuous structure initially (Figures 3(f1) and 3(f2) ), and then small epoxy-rich particles form around the CaSO 4 whisker (Figure 3(f3) ) due to the CaSO 4 whisker's effect of preferential wettable to the epoxy resin. However, SEM results indicate that CaSO 4 whiskers are dispersed in both PES-rich and epoxy-rich phase, which implies that there may exist two different effects rather than the preferential affinity to epoxy.
TRLS is employed to investigate the differences between the systems with and without fillers, and the results were shown in Figure 4 . The changes in with phase evolution are illustrated for the higher PES content than critical composition cured at 120 and 140 ∘ C. Figure 4 (a) plots the PES-14.3-Ca cured at 140 ∘ C as an example of light scattering vector and intensity changing during phase separation. At the early stage of phase separation, shifted to lower value with a quick increase of light intensity, which indicates the phase structure growth with concentration varying. Then both and dropped quickly to a minimum value, at the same time, a second pick at high vector value grew up. The existence of minimum value in the curve of versus time means that appearance of secondary particles make the average phase domain size decrease.
For PES-14.3 cured at 120 and 140 ∘ C, it could be found that the maximal slope of log versus log is 0.71 and 0.89, respectively. Elevated temperature increases the chain mobility and thus makes the phase separation a little quicker than that at lower temperature. The addition of nanoscale filler ATT in PES-14.3-A systems shifts the maximal slope to 0.41 (120 ∘ C) and 0.50 (140 ∘ C), meaning the phase evolution rate drops significantly. However, with the incorporation of micron-sized CaSO 4 , the maximal slope increases to 1.00 (120 ∘ C) and 1.09 (140 ∘ C), these unusually steep slopes mean that the size of the epoxy-rich domain grows rapidly in a short time, which clearly indicate the accelerating effect of this filler on the phase separation process. In other words, the incorporation of fillers show an opposite effect on the phase separation: the nanoscale fillers pin down the phase separation while micron-sized fillers accelerate the decomposition process at some stages. On the basis of the above experimental results and previous works [19, [28] [29] [30] , a possible scenario for the effect of mesoscale fillers on the phase separation of PES-modified epoxy blend could be as follows: in a dynamic asymmetric system with consider amount of slow dynamic components (PES at higher content than critical concentration), the diffusion of the fast dynamic epoxy-rich phase is prevented by the slow dynamic PES-rich phase, the addition of nanoscale fillers could enhance this process by the chain entanglement of slow dynamic phase with the filler surface due to the nanoscale fillers providing sufficient surface area [29, 30] . Even though the nanoscale fillers have higher affinity to the fast dynamic phase, the elastic deformation of the slow dynamic phase could also form chain entanglement with the filler surface due to the high normal stress from the shear and shrink of the slow-dynamic phase. As a result, the nanoscale filler incorporated systems show a slower phase separation process compared to that of unfilled PES-epoxy-hardener systems, where the slopes of log versus log of nanoscale filler added systems are only about half values of those of unfilled systems at all the temperatures studied.
While for micron-sized CaSO 4 whisker, which has a specific surface area about one tenth of that of ATT, the large filler size provide much smaller amount of entangle points with the slow dynamic phase, and thus this filler show less effect on the viscoelastic behavior of the phase separation process. Moreover, the high affinity of the micron-sized fillers to epoxy-rich phase further facilitate the growth of epoxyrich along the surface of the rod-fillers, which therefore demonstrates a quick change in the peak scattering vector in TRLS due to the wetting effect of whiskers and interfacial tension of PES-rich phase [19] . From the above results, it seems that the influence of mesoscale fillers on the phase separation are mainly rely on the competition result of enhanced viscoelastic effect of the slow dynamic phase and surface wetting of the epoxy phase (fast dynamic phase) in our studied systems. Therefore, it can be inferred that surface wetting would be the main factor affecting phase separation in low dynamic asymmetric systems. To verify this point, the lower PES content (than critical concentration) systems are studied due to the diminished viscoelastic effect of these systems from lower volume fraction of slow dynamic phase.
Dilute Effect of Mesoscale Fillers at Lower PES Content.
The phase evolution of mesoscale fillers added PES-11.4 blends (systems of lower content than critical concentration of PES) were followed by OM cured at 120 ∘ C (as shown in Figures 5(a1) , 5(a2), 5(a3), 5(b1), 5(b2), and 5(b3)). The phase separation of mesoscale filler added systems shows distinct differences from that of unfilled PES-11.4 system ( Figures  2(e1) , 2(e2), 2(e3) and 2(f)). Although a micro co-continuous phase structure could also be observed at the initial stage of phase separation ((a1) and (b1)), the morphology then changes into PES-rich dispersed structure ((a2) and (b2)) and keeps to the end of the phase separation process ((a3) and (b3)).
SEM micrographs of the cured samples definitely indicate the PES-dispersed phase structure of the two mesoscale filler added systems ( Figures 5(c1) , 5(c2) and 5(d)). Furthermore, it can be clearly observed that a secondly phase separation still takes place in the PES-rich particles ( Figure 5(c2) ), while the mesoscale fillers are preferred to disperse in the epoxy matrix ( Figure 5(d) ) due to their high affinity. 
1250S 50S This kind of morphology change due to mesoscale fillers could also be observed at other curing conditions. As shown in Figure 6 , filled systems cured at 140 ∘ C also proceed into PES-dispersed phase separation. Furthermore, the SEM micrographs show a PES-dispersed morphology ( Figures  6(c1) , (c2) and 6(d)) without secondary phase structure ( Figure 6(c2) ). In Figure 6 (b1), 6(b2) and 6(b3), one could also found the aggregation of PES-particles along the whisker axis ((b2) and (b3)), which is deduced by the unmoved CaSO 4 whisker blocking the PES-rich particles to reduce the interfacial energy [19] .
According to Tanaka's theory, [33] the viscoelastic phase separation takes place most likely near critical concentration at deep quenches, while lower PES content always tend to be shifted to the traditional phase separation mechanisms due to the lower volume fraction of slow dynamic phase having shorter characteristic deformation time.
Even though the PES-11.4 system still follows viscoelastic phase separation, the incorporation of mesoscale fillers changes it into normal spinodal decomposition process due to the dilute effect of fillers and their high affinity to the epoxy-rich phase. The low volume fraction of PES (slow dynamic phase) results a quite short disentangle time of polymer chains, and thus the addition of nano fillers show limited enhancement effect on the viscoelastic phase separation. However, the affinity of both mesoscale fillers to epoxy phase show a dilute effect on PES concentration, furthermore, the domain growth of epoxy-rich along the filler percolation network sharpens the formation of epoxy matrix (or PES particle) structure [19] .
TRLS results of PES-11.4 systems cured at 120 ∘ C showed quite similar slopes of 0.51, 0.48 and 0.55 for unfilled, nanoscale, and micron-size filled blends, respectively (Figure 7(a) ). The addition of nano fillers slightly retards while that of micron-sized fillers accelerates the phase separation a little due to the above-mentioned reasons. However, both the SEM and TRLS results show that the secondary phase separation disappeared at 120 ∘ C at the same time of morphology changes.
As to the effect of curing temperatures on the secondary phase separation, it is discussed before in our previous articles [34] . Hydrodynamic flow and diffusion are the main competition factors which affect the phase separation. If the size growth of the fast-dynamic-rich domain due to the hydrodynamic flow is too fast for the diffusion to keep up with the geometrical growth, secondary phase separation takes place; while no secondary phase separation occurs in the situation of the diffusion balanced geometrical growth systems.
The addition of mesoscale fillers shifts the PES-11.4 systems to normal SD process, and the formation of epoxyrich matrix along the filler percolation network entraps the PES-rich into particle structure. At lower temperature, the diffusion rate of epoxy and disentangle time of PES chains are not high enough to balance the hydrodynamic flow and growth of epoxy-rich matrix along filler networks, as a result, secondary phase separation takes place among the PES-rich particles. On the contrary, high curing temperature decreases system viscosity and increases the chain mobility sharply, while the percolation network formed by mesoscale fillers changes little at the same time, in this case, the diffusion of epoxy and disentangle of PES chains could follow the geometrical growth of epoxy-rich matrix, therefore no secondary phase separation takes place (Figure 7(b) ).
In summery, the TRLS experimental results in Table 2 are quite consistent with the SEM and OM results. Nanoscale fillers enhance the viscoelastic phase separation to some extent, while the surface affinity of fillers also plays a crucial role in the phase separation process. For micron-sized fillers, the low surface area provides less entangle with the slow dynamic phase, and thus the surface affinity plays a more conspicuous role in phase separation. The preferential wetting of epoxy and its absorbing on the inorganic rods diminishes the viscoelastic effect and favours the growth of epoxy-rich particle size. The influence of mesoscale fillers on phase separation is a result of the competition between surface affinity and enhanced viscoelastic effect of the fillers. For low dynamic asymmetric systems, the effect of mesoscale fillers results mainly from its surface affinity. While high dynamic asymmetric systems would exhibit complicated phase separation behaviour due to the effects of both surface affinity and enhanced viscoelastic effect of the fillers.
Conclusions
The different effects of nanoscale (ATT) and microscale (CaSO 4 ) rod on the reaction-induced phase separation of Epoxy/PES blends originate from the surface affinity of fillers and chain entanglement of polymer chains with filler surfaces. The incorporation of mesoscale rod fillers does not change the spinodal decomposition mechanism of the blends with higher PES content than near-critical concentration, however, nanoscale fillers enhance the viscoelastic phase separation while micron-sized fillers also show dilute effect due to low surface area. For the blends with lower PES content than critical concentration of low dynamic asymmetry, the process of phase separation and final phase morphology are dramatically impacted by the incorporation of mesoscale rod fillers from their surface affinity to the epoxy-rich phase, especially when the filled blends are cured at higher temperature, which comes from the preferential wetting effect of inorganic rod percolation network on the epoxy-rich matrix.
